We demonstrate a highly tunable deep notch filter realized in a liquid-crystal photonic-bandgap (LCPBG) fiber. The filter is realized without inducing a long-period grating in the fiber but simply by filling a solidcore photonic-crystal fiber with a liquid crystal and exploiting avoided crossings within the bandgap of the LCPBG fiber. The filter is demonstrated experimentally and investigated using numerical simulations. A high degree of tuning of the spectral position of the deep notch is also demonstrated.
Photonic-crystal fibers (PCFs) are a special kind of light-guiding fibers consisting of a cladding structure of air holes running along the length of the fiber. Such a structure allows for the infiltration of various materials into the cladding, making it possible to create highly tunable fiber devices [1] .
By filling a PCF with a material having a higher refractive index than silica, a photonic-bandgap (PBG) fiber is created. Such a fiber guides owing to multiple reflections from the high-index material and silica interfaces and will transmit light in a number of wavelength intervals [2, 3] . When a liquid crystal (LC) is infiltrated into the air-hole structure of a PCF, tunable fiber devices can be realized where the transmission properties of the fiber can be tuned by changing temperature or applying an electric field [4] [5] [6] [7] .
Recently, deep notch filters have been realized in PBG fibers by inducing a mechanical long-period grating in the fiber [8] . Such a grating results in a coupling of the fundamental core mode to higherorder modes (HOMs) of the fiber core or cladding. These HOMs have a high loss, and deep notches in the transmission windows of the fiber are realized. Furthermore, both mechanical and electrically induced LPGs have been induced in liquid-crystal photonic-bandgap (LCPBG) fibers [9] .
In this Letter, deep notch filters in PBG fibers are demonstrated without using gratings but simply by exploiting the properties of the material and the fiber to create a loss in a narrow wavelength band. The fiber used in the experiment is a silica large-modearea (LMA-10) fiber from Crystal Fibre A/S. The diameter of the holes is 3.45 m, the interhole distance is 7.15 m, and the diameter of the core is ϳ10 m. Figure 1 (a) shows a scanning electron microscope (SEM) image of the fiber end facet.
The LC used is MDA-00-3969, fabricated by Merck (Germany). It has ordinary and extraordinary indices of n o = 1.4929 and n e = 1.6986, respectively, at a wavelength of 656 nm and at a temperature of 30°C. The alignment of the LC inside the capillary tubes of the fiber cladding is investigated by using polarization microscopy on a single capillary tube filled with the LC. The LC inside a capillary tube has a splayed alignment. In the center, the LC is aligned parallel to the capillary and, at the surface, the LC has an angle of 45°with the capillary wall [6] . The alignment is illustrated in Fig. 1 
(b).
The LC is infiltrated 20 mm into the fiber. Filling is done at room temperature and purely by using capillary forces. The transmission of the LCPBG fiber is measured using the setup shown in Fig. 1(c) . Light from a tungsten-halogen white-light source is coupled into the LCPBG fiber device using an un- filled PCF. The two fibers are aligned on an xyz stage, and the transmission is measured using an optical spectrum analyzer. Figure 2 (a) shows the transmission spectrum of the LCPBG fiber, normalized to that of an unfilled fiber. The spectrum shows a notch in the transmission at a wavelength of 1160 nm in the bandgap from ϳ1070 to ϳ1360 nm. The 3 dB width of the notch is 21 nm. This notch in the transmission spectrum is caused by a cladding mode with a cutoff at this wavelength. The fiber cladding therefore becomes transparent at this wavelength, and light cannot be confined in the fiber core. Numerical simulations of the mode indices of the high-index LC filled rods have been made using a plane-wave expansion method [10] . The simulations take the splayed alignment of the LCs into account. The result is shown in Fig. 2(b) , represented by the solid curves. The effective index of the fundamental core-guided mode is also calculated and is shown with a dashed curve. In Fig. 2(b) two bandgaps can be seen, one centered at a wavelength of ϳ1150 nm and one at ϳ1350 nm. Compared to the measured transmission, the bandgap edges are shifted toward longer wavelengths in the simulations. The short and the long wavelength edge of the left bandgap and the short wavelength edge of the right bandgap are shifted ϳ50 nm toward longer wavelengths. We believe that the reason for this shift is that the refractive indices of the LC used in the simulations are measured at visible wavelengths and then extrapolated to the infrared. A large shift of the measured and simulated long wavelength edge of the right bandgap is, however, observed where the simulations indicate that the bandgap should extend to a wavelength of ϳ1500 nm. The reason that the measured transmission does not extend this far is probably due to a large coupling of the core mode to the cladding in the long wavelength region of the bandgap. The cladding mode that creates the notch in the transmission has been found to be a LP 31 -type mode. A more detailed investigation of the types of modes that create the bandgaps will follow in a future publication.
To further understand the physical nature of the notch, simulations of the coupling and propagation loss of the fundamental core guided mode have also been made. This was done using a finite-element solver, capable of taking into account the anisotropic LC rods in the cladding of the PCF [11, 12] . The total calculated loss is shown in Fig. 2(c) and does indeed show the same notch in the transmission spectrum, as observed in the measured transmission. As for the plane-wave calculations, a slight shift of ϳ50 nm of the bandgap edges is observed here as well. Furthermore, the simulations show a smaller loss in the bandgaps ͑Ͻ1 dB͒ than what is measured ͑ϳ4 dB͒. The shape of the calculated transmission is also slightly different. While the short wavelength edge of the left bandgap in the simulations is very sharp, it is more smoothed in the measured spectrum. For the short wavelength edge of the right bandgap, the opposite is true, i.e., it is smooth in the simulations but very sharp in the measured spectrum. Finally, the 3 dB width of the simulated notch is 62 nm, which is three times more than the measured width. The reasons for these differences are, as for the plane-wave calculations, that there is an uncertainty in the refractive indices and in the average hole size that is used in the simulations. Furthermore, both size variations between different holes and scattering/ absorption of light have been neglected in the calculations, which will result in a general loss, especially at the bandgap edges. In spite of these differences between the calculated and the measured spectrum, the finite-element calculations provide an excellent method to predict the approximate transmission spectrum.
By changing the temperature of the LC, the spectral position of the loss dip can be tuned. Figure 3(a) shows the transmission of the LCPBG fiber at temperatures of 30°C and 65°C. When the temperature is increased the loss dip moves towards shorter wavelengths. Figure 3(b) shows the spectral position of the loss dip as a function of temperature. A linear fit of the measured spectral position shows that a tuning of −2.5 nm/°C is achieved. The shift can be explained by the refractive indices of the LC as a function of temperature, shown in the inset of Fig. 3(b) . Here the ordinary index of the LC is almost constant, whereas the extraordinary index decreases linearly at temperatures well below the clearing point [13] . This results in the linear tuning of the notch.
In conclusion, we have demonstrated a simple method of realizing a deep notch filter by exploiting the properties of a LC and a PCF. The filter can be tuned by temperature, and a tuning of −2.5 nm/°C over 124 nm is demonstrated. The characteristics of the notch filter have been modeled using both a plane-wave and a finite-element method. The first method was used to calculate the position of the bandgaps, and the second was used to estimate the transmission spectrum by calculating the coupling and propagation loss of the LC device. The simulations are in agreement with the measured transmission spectrum, except for a shift of ϳ50 nm, caused by small structural variations of the fiber and the fact that there is some uncertainty in determining the refractive indices of the LC. If the diameter of the holes of the PCF is increased, the bandgaps will move towards longer wavelengths. By carefully tailoring the parameters of the fiber it will therefore be possible to move the deep notch to telecom wavelengths, thereby realizing a simple optical component that can be easily integrated into an optical communication link.
